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ABSTRACT

A simple method is presented for calibrating a cone-probe type of
flow field measuring instrument. The calibration procedure requires
data from only four orientations of the cone-probe in a quantitatively
unknown flow field. Only changes in orientation must be known. It is
then possible to use these data to determine the Mach number, total
pressure, and flow angle of the unknown flow field; the constants in
calibration equations for pitch and yaw flow angles; and the average
static pressure. The method is verified by comparing with calibration
results obtained in a conventional manner,
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SECTION |
INTRODUCTION

The cone-probe is an instrument for the absolute measurement of
Mach number, total pressure, and flow angle. It consists of a cone-
cylinder having four static pressure taps on the conical surface ahd a
total pressure tap on the centerline. Applying both exact cone flow
theory and linearized aerodynamic theory to the five pressure measure-
ments yields Mach number, total pressure, and flow angle. In practice
fabrication errors in combination with pressure measurement errors
negate the simple application of aerodynamic theory and necessitate
that the probe be experimentally calibrated.

A typical calibration (Ref. 1) consists of testing the probe in a known
flow field at various known orientations. The resulting data are then
used to construct calibration charts which relate (1) nondimensional
static pressure differences to pitch and yaw angles of the flow field,

(2) total pressure to pitch and yaw angle, and (3) nondimensional av-
erage static pressure to free-stream Mach number and the pitch and yaw
angles of the flow. Some of the disadvantages of this type of calibration
are

1. A large amount of experimental data is required.

2. The results are in graphical form and must be converted
for computer use.

3. The angle of the flow relative to the centerline of the cone-
probe must be accurately known for each experimental
point.

4, The probe must be calibrated over the range of Mach num-
bers that the probe is expected to encounter when used.

5. The calibration flow field must be known.

In this report, a new calibration procedure is presented which re-
quires only four experimental data points corresponding to four orien-
tations of the cone-probe. '‘These four experimental points are obtained
by testing the probe in a flow field of unknown Mach number and flow

"angle. The four experimental points are used to determine (1) constants
in calibration equations which relate pitch and yaw flow angles to non-
dimensional pressure differences, (2) constants in a calibration equa-
tion which relates a nondimensional average static pressure to the pitch
and yaw angles of the flow, and-(3) the Mach number, total pressure,
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and flow angles of the unknown flow field. The form of the calibration
equations is established by the application of linearized aerodynamic
theory to a generalized cone-probe geometry.

SECTION 1l
THEORY OF CALIBRATION

The theory of calibration presented in this report can be applied in
a number of different ways, depending on the assumptions concerning
the calibration flow field and the design of the cone-probe. In this re-
port, the theory is applied, based on the following assumptions:

1., The calibration flow field is unknown.

2. The average static pressure obtained with the probe per-
fectly aligned with the flow can be theoretically related to
the free-stream Mach number.

3. Static pressure readings from each tap vary linearly with
flow angles up to 20 deg.

4. The measured total pressure is independent of flow angle
up to 20 deg.

Assumptions 2, 3, and 4 are experimentally verified in Ref. 1.

Within the framework of these assumptions, only the effects of an
angular misalignment of the static pressure taps need to be determined
by a calibration, Such a calibration procedure is developed in the fol-
lowing sections.

SECTION 11l
BASIC CALIBRATION EQUATIONS

3.1 DERIVATION OF PITCH AND YAW CALIBRATION EQUATIONS

Each static pressure tap is assumed to be radially located at
angles 03, 0, 6c, and 04 relative to an arbitrarily selected cylindri-
cal coordinate system as shown in Fig. la (Appendix). The axis of
this cylindrical coordinate system does not necessarily correspond to
the physical centerline of the cone-probe. The calibration procedure
determines the orientation of an ""aerodynamic' axis which is defined
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to be the flow direction required to equalize the four static pressure
measurements. For a perfectly constructed cone-probe, the aero-
dynamic axis coincides with the physical centerline of the cone-probe.

From Fig. 1b, the following trignometric relations can be derived:

tan ¢ = tan a cos & (1)
tan ¢ = tan a sin 6 (2)
tan’e + tan’o = tan?a (3)

For flow angles less than 20 deg, Egs. (1), (2), and (3) can be approxi-
mated as follows:

€ = acos @ ' (4)

o= asind (5)
é+ o= d (6)

According to linearized aerodynamic theory (assumption 3), the
static pressure at each tap can be represented by the following equa-
tions:

Pa = ba = azaces (6 + 6,) (7)
Ppb = by + apacos (8 + ) (8)
Pc = be + agacos (6 + 0¢) (9)
Pd = bd - ajacos (§ + 63 (10}

It is usual to nondimensionalize static pressure with the free-stream
dynamic pressure; however, in this calibration, the free-stream dy-
namic pressure is unknown because the flow field is unknown (assump-
tion 1), 'Therefore, the static pressures are nondimensionalized with
the measured total pressure (ptm)' Let

Pa Pe
P, = Pe - -
Pty Pt
Pb Pd
- Pp = Py =
Puy Pty
a b
Ag = — By = —
Pip, Pty
ap b
Ptp, Ptm
a b
AC ! < Bc = z
Py Ptp
ag b
Ag = — By = —2
Pty Ptm
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Substituting into Eqgs. (7), (8), (9), and (10) yields

Pa = Ba + Ag 2 cos (0 + 6p) (11)
P, = By + Ap @ cos (8 + 6)) ' (12)
Pc = Be + Ac a cos (6 + 8,) (13)
Pq = Bq + Ag a cos (6 + 6Q) (14)

The constants A and B in each of Eqgs. (11), (12), (13), and (14) are in-
dependent of @ and 6. This is experimentally verified in Ref, 1,

Equations (11), (12), (13}, and (14) can be expanded into the follow-
ing forms:

Pa = By + Ag @ [cos 0 cos 8, ~ sin 0 sin 6a] (15)
Py = Bp + Ap a [cos 8 cos 0}, ~ sin 0 sin 6] (16)
Pc = Be + A¢ a [cos B cos 8. ~ sin 8 sin 6] (17)
Pq = B4 + A4 a [cos 0 cos 64 — sin 0 sin 04]° (18)
Define
AP‘ = Pc - Pa (19)
and

Substituting Eqs. (15), (18), (17), and (18) into Egs. (19) and (20)
yields

AP¢ = (B¢ ~ Ba) + ailAc cos 8. — A, cos 85]cos 6

(21)
- [A¢sin 6c ~ Agsin B,lsin 6}

and
AP; = (Bq - Bp) + allAqcos 84 — Ap cos 0] cos 6

(22)
~ [Agsin 84 ~ Ap sin Glsin 6}

Equations (21) and (22) can be written in terms of € and o by substi-
tuting Eqs. (4) and (5). This yields

AP¢ = (B, ~ Ba) + [Accos O - Agcos O,)e ~ [Acsin 0 — Agsin 0. o (23)
and

APy = (B4 - Bp) + [Adcos 84 ~ Apcos fple ~ [Agsin 64 — Ap sin 6l 0 (24)
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Let
B; = (B¢ - Ba) Bg = (Bq - Byp)
Ay = [Ag cos B — A, cos G,) Ag = [Aq cos 03 — Ap cos Opl
C1 = [Acsin 6. — Ag sin 6,) Cy = [Agsin g — Ap sin 6p)

Substituting into Egs. (23) and (24) yields

AP = By + Aye = Cyo (25)

AP, = By + Ay - Cyo (26)

Solving for € and ¢ yields

¢ = J(APo) - K(APE) + €1 (27)
and
o = G(APy) - H(APy) + o1p (28)
where
= CA; - C1A; (29)
He oA
T CzA;~-CiAg (30)

[ S
]
1
=
TN
:>|_n
——

(31)
K = -G%
Ag (32) -
¢ - BpCy ~B;Cy
107 "CA, - ChAy (33)
_ BaC1-B14s
910 = CoA) = C1Ag (34)

The angles € 19 and 019 are the pitch and yaw angles of the aerodynamic
axis relative to the reference axis. .



AEDC-TR-69-201

Equations (27) and (28) are the calibration equations for pitch (€) and
yaw (o). Each equation involves three unknowns; and since the calibration
flow field is unknown, there is a total of four unknowns (J, K, €19, and
€g for Eq. (27)). These four unknowns can be determined from four
experiments.

3.2 DERIVATION OF CALIBRATION EQUATION FOR AVERAGE STATIC PRESSURE

The free-stream Mach number and total pressure are theoretically
related to the ratio of average static pressure to total pressure. This
relationship is based on the assumption that the average static pressure
equals the surface static pressure on a cone at zero angle of attack. This
is true only for a perfectly constructed cone-probe obeying linearized
aerodynamic theory. For a practical cone-probe, the average static pres-
sure is a function of flow angle as shown in the following derivation. Let

P,+ P, +P.+Py

Pa = 3 (35)
a By +~ Bc >
Pao = 2ot b2 Bem (36)

Substituting Eqs. (15), (16), (17), (18), and (36) into Eq. (35) yields

Py = PAo + —-[.Aa cos Oy + Ap cos Oy + Ac cos O ~ Ag cos 04]l a cos 6 (37)
- —[Aa sin 0, + Ap sin fp + Acsin O; + Aqsin 04] a sin

Let E = Tl'[Aa cos 0o + Apcos Oy + Ac cos Oc + Ad cos 04l (38)

and F = <:[Aasin6a + Ap sin 0 + Ac sin 6c + Ad sin6g] (39)

Substituting Eqs. (4), (5), (38), and (39) into Eq. (37) yields

PA ='PA° +Ee -~ Fo (40)

Equation (40) involves two unknowns (E and F); however, the calibration
flow field is also unknown (assumption 1), so there is a total of three
unknowns., These three unknowns can be determined using three of the
four experiments required to determine the constants in flow angle cali-
bration equations.
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In Eq. (40), Pp is the measured nondimensional average static
pressure, and PAg is the nondimensional average static pressure for
zero flow angle. Therefore, Ppq is used in the theory to determine
free-stream Mach number and total pressure. From Eq. (40),

Ppog = PA - Ee¢ + Fo (41)

SECTION IV
CALIBRATION EXPERIMENTS

Four experiments are required to determine all the unknowns in the
calibration equations and the calibration flow field. Each experiment
consists of a different orientation of the cone-probe with respect to the
flow field. The orientations are arbitrary; however, relative orienta-
tion changes from experiment to experiment must be accurately known.
The four experiments selected are discussed in the following sections.

4.1 EXPERIMENTI

The probe is located in the calibration flow field such that the flow
angles are less than 20 deg relative to the reference coordinate system.
The axis of the reference coordinate system is taken to be the geometric
centerline of the cone-probe.

The unknown flow field is approaching this coordinate system at the
angles €y and og. Therefore, in calibration Eqs. (25), (26), and (40),
the following quantities are substituted:

€ = € o = 00
AP, = (APQ), APy = (APo)y
PA = (PA)l

Substituting into Egs. (25) and (26) yields

(AP9 = By + Areo - Cio0 (42)

(APg); = Ba + Agepg — C2o00 (43)
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Substituting into Eq. (40) yields

(PA),= Ppag + Eeg - Fop . (44)

4.2 EXPERIMENT Il

From its position in experiment I, the cone-probe is rolled 90 deg
clockwise about its axis, looking downstream. The quantities to be sub-
stituted into the calibration equations are

€ = 0O g = —€

AP = (AP, AP, = (APy); Pa = (Pa),

Substituting into Eqs. (25) and (26) yields

i

(Ape)z B] + A10’o + C| €0 (45)

and

(Apa)z By + Agopg + Cj e (46)
Substituting into Eq. (40) yields

(PA)e = Ppy + Eog + Fep (47)

4.3 EXPERIMENT il

The cone-probe is returned to its orientation in experiment I and
then pitched to an angle, €1. The quantities to be substituted into the
calibration equations are

€ = €y + €) o = 0Oy
APE = (A Pe) 3 A Pa- = (APO‘) 3
Pa = (Pa)3

Substituting into Eqs. (25) and (26) yields

(APJ)3 = By + Ajleo + €1) - Cog (48)
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and

(Apg)s = Bz ~ Ag(t’o + 61) - Gzob (49)
Substituting into Eq. (40) yields

(Pa)g = Ppy + Eleo + el).— Fog (50)

4,4 EXPERIMENT IV

From its position in experiment III, the cone-probe is rolled 90 deg
clockwise, looking downstream, The quantities to be substituted in the
calibration equations are

€ = g9 g = -leg + €)

APG (AP€)4 APo = (APo)nl

1

Substituting into Eqs. (25) and (26) yields
(AP¢)y = Bi+ A1gg + Cileg + €1) (51)
and

(APg); = Ba + Agog + Cylep + €) (52)

]

There are now a sufficient number of equations to solve for the unknowns
A1, Ag, Bj, By, C1, C2, €0, 00, E, F, and Pag. These equations are
summarized as follows:

(AP = By + Ay ¢, - Ciop | (53)
(AP¢)g = By + Ao = Cieo (34)
(APe)s = By = Axleo + €) = Cyoo (55)
(AP¢dy = By - f\-1loo + Cileg - 1) (56)

(APg)1 = Ba + Ageg - Caog {(57)
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(APg)z = By + Asop + Cae

(Apa)a Bg + Az(t‘o + E]) - Czd'o

(Apa)4

[}

By + Agop + Caleg + €)
(Pahy = Pay, + Eeo - Foy
(Pa)2 = Pay + Eop + Feo

(PaA)s = Pa, + Ele + €1) - Fop

Solving for these unknowns yields
(Apg)a - (A PG)I

(APo)s -~ {APgh
As = P
_ (AP¢)y -~ (AP¢)g
1= P
(APy4 ~ (APg)g
Co =

€]

_ [(APg)s — (APg)1] (C) = A} - [APL)s - (AP1] (Ca - A9)

og
2[A,C; - A1C,]

(APg)g ~ (APg); - (Ag + C3) oy

€ =
(Ca - As)
Bl = (AP()] - Alt'o + Clao
B, = (Apg)l—Azto + Czao
(Pp)3 - (Pa
- ———E—l'.———
(Pl g + (Py)e UQ—E(602+0'0

(ep + 0p)

10

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)
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’ (P' _;- I’_ _ a .
b= Alz Pa, |0.0 (74)

€0

Most of the above equations are implicit in form and must be eval-
uated in the order in which they are presented.

The value of Pp, obtained from Eq. (73) is used to determine the
Mach number and total pressure of the calibration flow field. The quan-
tity PAq is not a calibration constant in either Eq. (40) or (41).

The constants in calibration Eqs. (27) and (28) can now be deter-
mined from Eqs. (29), (30), (31), (32), (33), and (34).

SECTION V
MACH NUMBER EFFECTS

'In practice, a cone-probe will encounter a range of Mach numbers
in which the calibration equations [Egs. (27), (28), and (41)] must be
valid. It is, therefore, necessary to establish for these equations
either an independence or their functional relationship with Mach number.

The linear form of the calibration equations can be assumed to be
independent of Mach number; however, the range of flow angles in which
they are acceptably valid is a function of Mach number.

The major constants in Eqs. (27) and (28) are K and H., These con-
stants have theoretical values of -36. 75 at a Mach number of 2.0 and
-39. 36 at a Mach number of 5.0 for a perfectly constructed 20-deg
half-angle cone. Thus, these constants are a weak function of Mach
number in the range from 2.0 to 5.0. This result is partially verified
experimentally in Refs. 1 and 2 for the Mach number range from 1. 51
to 3.51. The constants J and G are related to Mach number in the same
manner as K and H and, therefore, are also a weak function of Mach
number in the range from 2.0 to 5.0,

.The constants E and F are zero for a perfectly constructed probe,
independent of Mach number; however, the experimental data presented
in Refs. 1 and 2 show a significant effect of Mach number on the rela-
tionship between average static pressure and flow angle.

11
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SECTION Vi
APPLICATION OF CALIBRATION PROCEDURE

To verify the calibration procedure, two sets of experimental data
presented in Ref. 1 were analyzed.

The data were obtained in free streams having Mach numbers of
1.72 and 2,46, Unfortunately, the experimental data in Ref. 1 are pre-
sented in graphical form and nondimensionalized with respect to free-
stream conditions. As a result, only the calibration equations for pitch
and yaw angles could be obtained.

For a free-stream Mach number of 1,72, the following experimental
data were obtained from Fig. 3 in Ref. 1.

Experiment |

To test the calibration procedure determination of the flow angle
of the calibration flow field, experimental data for an angle of attack
of 4.4 deg are used. The values are as follows:

0.295 (Cpe); = 0.468
0.350 (Cpa); = 0.365

(CPa)l
(Cpp)1

q
For a Mach number of 1. 72, —pt— = 0.4805; therefore,
m

(APg), = [(Cpc)1 - (Cpa)ll(P:l—) = 0,0831

it

(APg), [(de)1 - (Cpb)ll (%) = 0.00721

(PA); = 0.403 (From Fig. 5, Ref. 1)

Experiment |l

The data for this experiment are the same as those for experiment I
except shifted 90 deg.

0.365
0.295

(Cpa)g = 0.350 (Cpc)2
(Cpp)z = 0.468 (Cpa)2

12
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and
(AP;), = 0.00721
(APg); = -0.0831
" (PA)2 = 0.403
Experiment |1l

The data selected for this experiment are those obtained at an
angle of attack of 9.4 deg. Therefore, € = 5 deg.

(Cpals = 0.222 {Cpc)s = 0.598 ' !
(Cpp)s = 0.326 (Cpd)s = 0335
and
(AP.)3 = 0.18075
(AP,)3 = 0.004325
(PA)s = 0.403

Experiment |V

The data are as follows:

0.326 (Cpc)4 = 0,335
0.598 (Cpa)s = 0.219

(Cpa)4
(Cpb)s

]

and
(AP s = 0.004325
(APg)4 =] —0.1821

Based on these four experiments, the calibration equations for the.
pitch and yaw angles are as follows:

1.49 (AP,) - 51.12 (AP — 0.03151 deg " (75)
1.49 (AP9 + 50.46 (APs) — 0.02647 deg ('76)

€

o)

The pitch and yaw angles of the aerodynamic axis relative to the ref-
erence axis are -0.03151 and -0.02647 deg, respectively. The pitch
and yaw angles of the calibration flow field relative to the reference

axis are 4.20908 and 0.46125 deg, respectively. The pitch angle agrees
well with the 4.4 deg given in Ref. 1 for the data used in experiment I.

13
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The calibration plots for pitch and yaw angle presented in Ref, 1
are in terms of "corrected" pressure differences, nondimensionalized
with respect to free-stream dynamic pressure. The corrected pressure
differences are determined by the condition that the pitch and yaw angles
. are zero when the corrected pressure differences are zero. This neg-
lects the misalignment of the aerodynamic axis with respect to the ref-
erence axis, and the measured flow angles are in error by the amount
of this misalignment. The calibration equations [Eqgs. (75) and (76)]
corrected to satisfy these requirements are as follows:

e = -0.716 (ACpg). + 24.55 (ACp,). (7
o = 0.716 (ACpe)e + 24.25 (ACpg). (78)

In Fig. 2, Egs. (77) and (78) are graphically compared with the cali-
bration curves of Ref. 1.

The second set of data from Ref. 1 were obtained at a free-stream
Mach number of 2.46. The resulting calibration equations for pitch and
vaw angles are as follows:

e = L122(AP;) - 47.11{(APQ) — 0.115435 deg (79)
o = -1.122(AP,) + 46.40(APy) - 0.113258 deg (80)
or
¢ = 0.575(ACpg)e + 24.13(ACpe). (81)
o = -0.575(ACpe)e + 23.78(ACpg). (82)

In Fig. 3, Egs. (81) and (82) are graphically compared with the cali-
bration curves of Ref. 1.

The comparisons presented in Figs. 2 and 3 clearly demonstrate

the practical applicability of the calibration procedure developed in
this report.

14
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SECTION vii
CONCLUSIONS

The two major conclusions that can be drawn from this study of the
cone-probe are as follows:

1. The qualitative aerodynamic behavior of a cone-probe is
adequately described by linearized aerodynamic theory,
and

2. Further work needs to be done to determine the influence
of Mach number and Reynolds number on the calibration
coefficients.
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APPENDIX
ILLUSTRATIONS
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Fig. 1 Cone-Probe and Flow Field Nomenclature
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Present Calibration, Eqs. (77) and (78)
— — —Calibration from Ref. 1 for M = 1,72
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Fig. 2 Comparison of Calibration Curves For Mach Number 1.72
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Fig. 3 Comparison of Calibration Curves for Mach Number 2.46
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